Objective: To evaluate the 24-week effects on glucose tolerance of switching from a protease inhibitor (PI)-based to an unboosted atazanavir-including regimen in highly pretreated HIV-1 infected subjects with metabolic alterations. Design: Prospective, open-label, single-center, 24-week pilot study. Methods: Twenty-one subjects underwent an oral glucose tolerance test (OGTT) at baseline (BL) and after 24 weeks of unboosted atazanavir. Insulin sensitivity and b-cell responsiveness were evaluated on the basis of static and dynamic data; fasting glucose, insulin, C-peptide, triglycerides (TG), total cholesterol (TC), high-density lipoprotein-cholesterol (HDL-c), low-density lipoprotein-cholesterol (LDL-c), TC/HDL-c ratio, CD4C cell count and HIV-1 RNA were measured. Results: After 24 weeks of unboosted atazanavir, the 120-min glucose level was significantly lower than the one measured at BL (PZ0.021); there were no statistically significant differences in the insulin concentration profile. The SI oral , an OGTT-based index of insulin sensitivity, was significantly higher at week 24 (PZ0.017); the indices of first-and second-phase b-cell responsiveness did not significantly change. There was no significant difference between BL and 24-week fasting glucose, insulin or C-peptide levels, and consequently no change in fasting homeostasis model assessment indices of insulin sensitivity and b-cell function. There were significant improvements in TG (PZ0.009), TC (PZ0.0001), LDL-c (PZ0.019) and TC/HDL-c ratio (PZ0.001), and a similar trend in HDL-c levels (PZ0.069). No significant changes in the immunological and virological parameters were detected. Conclusions: Our results show that switching from a PI-based to an unboosted atazanavir-including regimen leads to a significant improvement in glucose tolerance in highly pretreated HIV-1 infected subjects with metabolic alterations.
Introduction
Insulin resistance (IR), impaired glucose tolerance (IGT), and type 2 diabetes mellitus (DM) are conditions that are increasingly described in HIV-1 infected subjects receiving highly active antiretroviral therapy (HAART) (1) (2) .
Insulin sensitivity (IS) and b-cell function are the cornerstones of glucose tolerance and their dysfunctions may progressively lead to IR, IGT and clinically established type 2 DM (2) . Furthermore, they are inextricably linked insofar as changes in IS are compensated by inverse change in b-cell responsiveness (3) and, in order to obtain a complete picture of glucose homeostasis in a given subject, it is important to assess the individual contributions of both to glucose tolerance.
The introduction of HAART in the management of HIV infection, especially the use of protease inhibitor (PI)-based regimens, has led to the greater emergence of metabolic complications such as dyslipidemia, IR, hyperglycemia and lipodystrophy (4) (5) (6) (7) .
Clinical studies have shown that treatments including indinavir, lopinavir/ritonavir and amprenavir cause IR and decreased glucose tolerance both in healthy HIVseronegative and seropositive subjects (8) (9) (10) (11) (12) . These in vivo observations are supported by in vitro studies showing that PIs dose-dependently differentially inhibit glucose transporter-4 (GLUT-4)-mediated glucose uptake in 3T3-L1 adipocytes (13) (14) .
The backbone therapy is similarly involved insofar as clinical studies indicate that exposure to nucleoside analogue reverse transcriptase inhibitors (NRTIs), particularly stavudine, is associated with the development of metabolic alterations (15) (16) .
Atazanavir is a novel azapeptide PI that is characterized by a favorable effect on lipid profiles (17) . In vitro data show that, unlike other PIs, it minimally inhibits glucose transport by . In line with this observation, studies comparing atazanavir (with and without ritonavir) and lopinavir/ritonavir in healthy HIV-seronegative adults found that treatment with atazanavir, unlike lopinavir/ritonavir, did not affect IS (18) (19) . Clinical trials involving antiretroviral (ARV)naïve and experienced subjects have confirmed the better lipid profile of atazanavir in comparison with other treatments (17) . However, atazanavir boosted with ritonavir may be less favorable than unboosted atazanavir in metabolic terms, as recently described (20) (21) (22) .
At present, the management of highly pretreated HIV-1 infected subjects with metabolic disturbances is an important issue, since these complications may increase the risk of cardiovascular disease (23) . Treatment options using drugs with less metabolic impact need to be investigated.
The aim of this study was to evaluate the 24-week effects on glucose tolerance of switching to unboosted atazanavir from a PI-based regimen in highly pretreated HIV-1 infected subjects with metabolic alterations.
Methods
We prospectively evaluated glucose and lipid metabolism in a subset of highly pretreated HIV-1 infected subjects attending the Clinic of Infectious Diseases -San Raffaele Scientific Institute, Milan, Italy -who were enrolled in the Atazanvir Early Access Program (AI424-900).
The subjects being treated with a PI-based regimen, who showed metabolic alterations including IR estimated by means of homeostasis model assessment (HOMA) method (24) and/or dyslipidemia (hypercholesterolemia and/or hypertriglyceridemia) (25) , and had HIV-1 RNA levels of !400 copies/ml were eligible.
We chose a HOMA-IR value R3.0 as indicative of IR in our population, according to similar values selected as the cut-off point to define IR in previous studies (26) (27) .
The criteria recommended by the American Diabetes Association were utilized to interpret glucose values (28) .
The subjects were excluded if they had a diagnosis of DM or were being treated with an antidiabetic agent, reported the use of testosterone, estrogen, growth hormone or other steroids in the previous 6 months, were active alcohol or substance abusers, had experienced an acquired immune deficiency syndrome-related episode within the previous 3 months or showed poor treatment adherence.
This study was approved by San Raffaele Scientific Institute's Ethical Committee; the subjects gave their informed consent and were enrolled in accordance with the inclusion and exclusion criteria. Enrolment started in November 2003 and ended in December 2004.
Study design
This was a 24-week, prospective, open-label, singlecenter pilot study.
The primary objective was to assess whether switching from a PI-based to an unboosted atazanavirincluding regimen significantly improves oral glucose tolerance in a group of highly pretreated HIV-1 infected subjects with metabolic alterations. The subjects underwent an oral glucose tolerance test (OGTT) at baseline (BL) and after 24 weeks of the study treatment; the primary endpoint was the 120-min glucose level.
The secondary objectives were the assessment of IS, b-cell function, lipid metabolism and the safety and efficacy of the HAART.
The subjects were instructed to remain fasting for at least 10-h before each study visit. Data regarding time of onset and stage of HIV-1 infection according to the 1993 Revised Classification System, concomitant diseases, previous ARV treatment and concomitant therapies were collected.
At BL the subjects were switched to receive unboosted atazanavir without any change in the NRTIs backbone of their ongoing regimen and were followed up as outpatients after 4, 12 and 24 weeks of study treatment. All visits were overseen by the same study physician. At each visit any change in diet, physical exercise or smoking habits was evaluated by direct questioning; fasting weight, treatment side-effects, intercurrent illnesses, concomitant therapies, self-reported adherence and pill count were recorded.
Blood samples were collected for clinical chemistry, lipid metabolism, immunological and virological analyses at BL and week 4, 12 and 24.
Measurements
Blood samples were collected in the fasting state and all parameters were tested by standard routine procedures (Diagnostic Unit, San Raffaele Scientific Institute, Laboraf). Plasma glucose levels were measured by a hexokinase-G6PD method (Modular Roche Analyzer). Serum insulin and C-peptide levels were assayed with an immunofluorimetric method (AIA 1800 Tosoh Analyzer). Serum triglycerides (TG), total cholesterol (TC), high-density lipoprotein-cholesterol (HDL-c) and lowdensity lipoprotein-cholesterol (LDL-c) levels were measured by an enzymatic colorimetric method (Modular Roche Analyzer) and the TC/HDL-c ratio was calculated. CD4C cells (!10 6 /l) were counted using flow cytometry (EPICS-XL Coulter, Beckman) and viral RNA was quantified in plasma using the Versant HIV-1 RNA Assay (bDNA; Bayer Health Care), with a lower quantification limit of 50 copies/ml. Co-infection with type B and C hepatitis was assessed by means of hepatitis B virus (HBV)-DNA (Real Time PCR HBV, Artus, Hamburg, Germany) and HCV-RNA (Amplicor Ver 2.0, Roche Diagnostics).
Oral glucose tolerance test
Seventy-five grams of dextrose in water was administered orally and blood samples were drawn from an indwelling intravenous catheter for glucose and insulin determination at 0, 30, 60, 90, 120 and 180 min after the ingestion of dextrose.
Glucose tolerance, insulin sensitivity and b-cell function
Glucose tolerance was evaluated by measuring glucose level 120 min after the start of the OGTT; IS and b-cell function were evaluated in two ways on the basis of the static (i.e. fasting) or dynamic (i.e. OGTT) data.
The HOMA2 method (29) was used to derive surrogate indices of IS (HOMA-S%) and b-cell responsiveness (HOMA-B%) from fasting glucose and insulin levels. The method proposed by Caumo et al. was used to calculate an index of IS, defined as SI oral , from the OGTT data (30) . Such an OGTT-based index has been shown to be well correlated with the IS measured by the glucose clamp technique (31) . The equations proposed by Stumvoll et al. (32) were used to calculate two indices of b-cell responsiveness (first-and second-phase) from the OGTT data. Such OGTT-based indices have been shown to be well correlated with first-and second-phase insulin secretion during hyperglycemic clamp (33) .
Statistical analysis
Absolute differences between BL and week 4, 12 and 24 values were calculated, and the non-parametric Wilcoxon signed rank test for paired data was used to detect their statistical significance. Bonferroni correction was considered.
Continuous variables are expressed as median values (interquartile range), unless otherwise indicated. The statistical analyses were made using SAS software (version 8.2; SAS Institute).
All of the significance tests were two-sided and P!0.05 was considered statistically significant.
Results
Twenty-five subjects were enrolled in this study. Four were not eligible because of OGTT evidence of DM (1), BL OGTT insulin data unavailable because of specimen hemolysis (1), poor adherence (1) and discontinuation of atazanavir treatment before week 24 because of the occurrence of pregnancy (1) . The analysis therefore included the 21 subjects (84%) for whom BL and week 24 data were available. The BL characteristics of the analyzed subjects are shown in Table 1 .
The median (interquartile) BL body weight and body mass index (BMI) were 71 kg (63.5/77) and 24.8 kg/m 2 (22.0/26.6) respectively; by week 24 these had increased to 71 kg (64.7/80; change w24-w0 1.2 (0.5/2.7); PZ0.006) and 23.6 kg/m 2 (22.4/27.7; change w24-w0 0.415 (0.173/0.978); PZ0.005). No change in diet, physical exercise or smoking habits occurred during the study.
All the subjects were on a PI-based regimen (as showed in Table 1 ) with a backbone of at least two NRTIs: lamivudine in 19 subjects (90%), didanosine in 13 (62%), stavudine in six (29%), and zidovudine in five (24%). Table 2 shows that there were no significant differences between the fasting glucose, insulin or C-peptide levels measured at BL and after 24 study weeks; consequently, there was no significant change in the fasting HOMA2 indices of IS and b-cell function. Nevertheless, a positive median change value of HOMA-S% and negative median change value of HOMA-B% were observed. Table 3 shows the fasting values of lipid metabolism in 17 subjects; the remaining four were excluded from the analysis because they were taking lipid lowering agents at BL. No other subjects started lipid lowering therapy during the study. There were significant improvements in TG, TC, LDL-c and TC/HDL-c ratio between BL and week 24. HDL-c showed a similar (but not statistically significant) trend.
Fasting measures of glucose and lipid metabolism

OGTT
The OGTT data are shown in Table 2 and Fig. 1 . Figure 1 shows the average time courses of glucose and insulin concentrations during the BL and 24-week OGTT. Plasma glucose concentration at every time point was lower after 24 weeks of treatment than at BL, with the 120 min value being significantly lower. The serum insulin concentrations measured after 24 weeks were also always lower than at BL, but no statistically significant differences were detected. The SI oral index was significantly higher after 24 study weeks than at BL, whereas the indices of first-and second-phase b-cell responsiveness were not significantly different.
Safety and efficacy
The only grade III/IV adverse event was a grade III transaminase alteration in one subject with hepatitis C virus co-infection observed in week 24. No intercurrent illnesses occurred during the study.
No significant variation in the median (interquartile) immunological or virological values was observed between BL and week 24 (CD4 cell count (! 10 6 /l) 528 (382/806) at BL vs 477 (370/809) at week 24; change w24-w0 3 (K74/52); PZ0.776 and HIV-1 RNA (log 10 copies/ml) 1.69 (1.69/1.69) at BL vs 1.69 (1.69/1.69) at week 24; change w24-w0 0 (0/0); PZ0.812).
Twenty subjects (95%) showed HIV-1 RNA level !50 copies/ml at BL and the undetectability had lasted a median (interquartile) of 23.82 months (12.99/38.81) .
Only one subject previously treated with amprenavir/ritonavir experienced a virological rebound (930 copies/ml) at week 24.
Discussion
In the present study, we observed that switching to unboosted atazanavir from a PI-based regimen improved glucose tolerance in a group of pretreated HIV-1 infected subjects, as assessed by 120 min glucose concentration during an OGTT. Glucose tolerance was measured before the switch and up to 24 weeks afterwards, when not only was glucose tolerance significantly higher, but also the entire glycemic curve was below the BL curve at each time point, thus indicating an improved ability to dispose of the oral glucose load. Interestingly, this was accompanied by a trend towards a lower insulin profile at week 24, as shown by the negative median change value and the related interquartile range at 120 min. The finding of improved glucose disposal with less insulin strongly suggests enhanced IS, which was confirmed by the significant increase in the SI oral index following the switch to unboosted atazanavir. In order to obtain a more detailed picture of glucose metabolism in our subjects, the indices of first-and second-phase insulin secretion were also calculated. This was not significantly different at BL compared to week 24, but a trend towards a reduced b-cell responsiveness was detected, as shown by the negative median change value, which can be interpreted as a reduced need for b-cells to supply insulin due to the enhancement of IS. It is worth making some comments about the assessments of glucose metabolism made using the OGTT and HOMA2 method. It is well known that it is important to assess IS and b-cell responsiveness simultaneously because their interdependence is fundamental to glucose tolerance (3) . The OGTT is a simple physiological test that directly assesses glucose tolerance and provides validated, model-based assessment of insulin sensitivity (SI oral ) and b-cell responsiveness (Stumvoll's first-and second-phase indices) based on dynamic glucose and insulin concentrations (30, 33) , whereas the HOMA provides estimates of IS (HOMA-S%) and b-cell responsiveness (HOMA-B%) based on fasting glucose and insulin concentrations (29) . The HOMA indices refer to static, unstimulated conditions and have been validated against the clamp technique (31). In the present study we found that the HOMA-based picture of glucose metabolism and the OGTT were substantially concordant; the OGTT revealed a significant improvement in IS and a modest, non-significant reduction in b-cell responsiveness, whereas the HOMA detected a slight, non-significant improvement in IS and a slight, non-significant reduction in b-cell responsiveness. This substantial agreement is reassuring, but it is worth pointing out that the OGTT seems to be more capable of detecting changes in IS than the HOMA2 method, probably because the dynamic conditions as determined by an oral glucose load allow a more accurate assessment of insulin action.
A secondary aim of our study was to investigate the effect of the switch on lipid metabolism. Our data showed a significant improvement in the parameters of fasting TG, TC and the TC/HDL-c ratio by week 4, which was maintained until week 24, when there was a significant decrease of LDL-c and a trend towards an increase in HDL-c.
In the present study we administered unboosted atazanavir, thus allowing a selective investigation of the impact of the switch without the potential confounding effect of ritonavir. It has been recently shown that a low dose of ritonavir can worsen the metabolic status (20) (21) (22) and a significant increase of TG and insulin area under the curve during OGTT has been detected in healthy HIV-negative subjects (34) .
In our opinion, there is a need for randomized studies comparing unboosted and boosted atazanavir to evaluate the effect of ritonavir in heavily pretreated HIV-1 infected subjects with metabolic disturbances.
The overall results of our study are consistent with the idea that the improvement in glucose and lipid metabolism is a result of replacing PIs with a drug having few, if any, effects on these parameters, however they do not allow any comment on the possibility that long-term treatment with unboosted atazanavir may actually be beneficial.
Moreover, we found that the switch to unboosted atazanavir effectively controlled HIV replication and immune status for 24 weeks in this group of HIV-1 infected subjects, with sustained virological control, who had been exposed to HIV-1 virus and ARV treatment for a long time.
Our study has a number of limitations. It is a pilot, non-randomized study that enrolled a limited number of subjects who were followed-up for 24 weeks. The previous treatment regimens were based on different PIs, and we cannot exclude a possible difference in the impact of the switch depending on the previous PI, as a drug-specific effect is involved in the development of metabolic disturbances (14) .
We did not make a full assessment of fat redistribution by means of dual-energy X-ray absorptiometry/singlecut computed tomography scan in order to evaluate the contribution of body changes, although we excluded weight loss as a possible cause of the improvement in glucose tolerance. Finally, we did not measure free fatty acids as indices of lipolysis.
In summary, our results show that switching from a PI-based to an unboosted atazanavir including regimen leads to a significant improvement in glucose tolerance, insulin sensitivity and fasting lipidemic parameters in highly pretreated HIV-1 infected subjects with metabolic alterations.
These encouraging results are helpful indications for assessing the effectiveness of a switch to unboosted atazanavir in pretreated HIV-1 infected subjects affected by glucose intolerance or DM.
